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ABSTRACT 


tiitewm~eeatainmel low cost single sideband multiplex 
Teorcitwtsepecscempca., This design 1s specifically tailored 
for microwave communications by small businesses desiring 
mexpensivye, high quality communication links. One channel 
was built and tested in the laboratory and the results are 
mended. A major factor in the low cost of this system 
Without compromising performance was the availability of in- 
pepe nstve mecMamreal friters. Synchronization 1S a major 
irene OL thismsystem USing injected carrier to maintain 


piase- lock. 
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ioe wn TRODUCTION 


Many businesses requiring communication links with 
their subsidiaries today have an option of perhaps uti- 
Tizing commercial microwave relay networks for this ser- 
Vice instead of going to the telephone company. It would 
be economically advantageous for business to use the least 
Eepemsive Communication system. Presented is a design for 
a single sideband multiplex system. It was designed spe- 
cifically for microwave communications by small businesses 
desiring inexpensive, high quality communication links. 
timeedaevelopmenteot multiplex telephony is traced up to the 
present. Integral to actual implementation of the system 
Pm@eenOtea Dart Of the wdesign iS certain auxiliary equip- 
ment such as a hybrid and a power supply. 

iiceneionrncOlurtoNtine tactor an the cost of this sys- 
tem was the availability of low cost mechanical filters. 
five smare cOmpecitive with certain e€eramic filters currently 
MmuscemAagVvantage Was made Of the filter's excellent se- 
Boeerylty by Using 1t for sideband selection. 

Ineo rpOoratcd sin tiesdesien for this system was sym? 
Uaioe rom., seinjeccted Carrier detected in the receiver 
1S used to keep the system in phase-lock. This increases 
Maombbexapility of the system by allowing it to be used 


mOrea much wider rangé of applications. 





Ceo eeoeNT OF WIULTIPLEX TELEPHONY 


Multiplex telephone communications has been marked 
With Many milestones beginning with Alexander Graham Bell's 
SiveMuroneot wimemecwcpnmone in 1876. From Bell's crude ap- 
fimaitus tO bOday Secomplex intercontinental systems, tele- 
Phone communications has steadily improved, providing better, 
faster and more economical service. 

The first practical circuits were a single grounded 
Poiwemnth 2 telephone at each end. They were very limited 
Mien a telephone could only be connected to one telephone 
mhoeenec other end, There was no means for interconnecting 
different telephones. 


4 
fe1Aa- 
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PieetlrStetclom Mone cmemange LOr interconnectin 


GQ 


memes Opened January 2s, 1878, in New Haven, Connecticut. 
iameonnecctcad 2s telephomes Over elght open-wire lines called 
Plbteniber loons. SSenuice was extended by interconnecting 
ieeiinegtttees with extra lines called trunks. Those con- 
ig@mmlomlocal Ort1ces were Called exchange trunks while 
those used for long distance were named toll trunks. 
Technidues MWscd aimee sstmele Open-wire technology 
had been borrowed from telegraphy, but it had inherent 
problems such as noise and crosstalk. These problems were 
solved by the two-wire or metal circuit which had one wire 
Puomiaimea returnweeit solved the interference problem 
found in the single open-wire, but it presented the tele- 
DiOnemInduasctry with the tremendous task of do. bling a tele- 


phone system that was nearly overvurdened already. Across 
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the country telephone poles loaded with crossarms carrying 
hundreds of wires lined all the major streets and roads. 
This unenviable task was completed between 1890 and 1900 
with many of the wires being wound into cables, but it was 
clear a better system was needed. 

The solution to this proved to be multiplexing. It 
was found early that a bandwidth from 300-2800 hertz was 
needed for sufficient fidelity and clarity for modern voice 
communication. Since it was possible to Pea imei se Ie 1. 
frequencies over wires, the telephone system was not being 
optimally used. Multiplexing is a means whereby more than 
Sime signal can be transmitted over wires. It even predates 
the telephone, with Bell experimenting with ee teen apie Gates 
plexing prior to inventing the telepnonc. 

Vibrating reeds were used at first for multiplexing be- 
cause with the early state-of-the-art, there were not suf- 
ficient electronic devices. They were called harmonic 
telegraph systems with carriers of only a few hundred hertz. 
Multiplexing awaited the advance of radio technology slight- 
ly before 1900 with the invention of the vacuum tube by 
Edison, the grid by Deforest, and the improvement of elec- 
trical filters between 1900 and 1910. ine oO) Maj Or aoe: 
Squier, an Army officer in the Signal Corps, developed an 
experimental multiplex system which was operated over a short 
length. Renewed interest in multiplex telephony ues sparked 
as a result, particularly in the Bell system. 

In order for two or more signals to be transmitted over 


the same line, they must be separated somehow to CEO E 
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interference from other signals. There are two methods for 
Seecomplishing this. tdIhey can be separated in frequency, 
known as frequency division multiplexing; or they may be 
Separdted in timeyexnown as time division multiplexing. 
While both methods of transmission were tested in the early 
Seeces Of multiplex telephony, frequency division multi- 
plexing became more prevalent. 

Bither frequency or amplitude modulation is used to 
transform the speech information to the carrier frequency 
With amplitude modulation being the more common method. The 
amplitude modulated signal consists of a carrier wave, an 
moper Sideband (USB) wave, and a lower sideband (LSB) wave. 


ire two sidebands are separated from the carrier on either 


}-=! 


Seen by a frequency equai to the modulating Speech 


" 


igna 
Beem sideband contains all the information of the signal. 
pemcewthis 15 a redundancy, only one sideband 1s needed. 
iiemearnren obviously carries no information so that one 
Sidebanm@wand the Carrier Can be suppressed as long as the 
emrmlere 1s reinserted in the receiver to demodulate the sig- 
Waieweeiitin Only one sideband being transmitted and the car- 
rier suppressed, only half the bandwidth of the normal 
amplitude modulated signal a MecccdmanimLeSSecncrey Sane 
iteenedeeminus, in the multiplex frequency band twice the 
number of channels with less energy can be transmitted with 
Single sideband, suppressed-carrier than with amplitude 
modulation. Sometimes the carrier is reinserted at a low 


Nememmaseaereterence. Single-sideband (SSB) ith the carrie: 





EMippmesseduas Used in most multiplex systems developed for 
Eo Circuit use. 

TieerastemecOnDoncnts Of a rrequency division multiplex 
weaovem UE izinoesincle-sidéeband, suppressed carrier (SSSC) 
mecemodulacors and demodulators, filters, and a carrier fre- 
MMemey source. “Additional circuitry needed is that included 
meme Signalling, power and regulation. Consider frequency 
division multiplexing (FDM) in its simplest form. Voice 
Signals from the telephone associated with each channel are 
fea through a low-pass filter which limits frequencies to 
miese below about 4000 Hz to conserve the frequency spectrum. 
The frequency limited signal is passed to a balanced modu- 
muecumivmere it modulates the carrier frequency. <A balanced 
me@wlator balances out Or suppresses the c@rrier irsquency 
meaving only the upper and lower sidebands. <A band-pass 
meee reTemoves the Unwanted sideband. This sideband 1s com- 
Pied with Other sidéband signals and transmitted. At the 
mecciving emd a band-pass filter passes the desired sideband 
Signal to a demodulator where a carrier identical to that 
mimpeocrea at the transmitter balanced modulator mixes with 
the desired sideband signal. The output of the demodulator 
Po eeoaetnrouch a low-pass tilter to recover the voice signal 
Vioveereyecting other unwanted signals. 

iiemitrser commercial Multiplex system began operation 
ieeols between Baltimore, Maryland, and Pittsburgh, Penn- 
sylvania, after the American Telephone and Telegraph Company 


demomstrated the economic feasibility of commtrcial multiplex 
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telephony with a laboratory model on open-wire line between 
South Bend, Indiana, and Toledo, Ohio, in 1914. The Bell 
System designated their original multiplex system type A. 
It provides four two-way channels for use over a single 
Open-wire line with the same carrier frequency being used 
Bmecach direction of transmission. It required hybrid 
@oels tO Separate the transmit and receive signals. This 
Merunrcmproved £6 be Objectionable es 1t allowed too much 
loop sing. Type A was followed by B in 1920 which provided 
MineececwO-Way Channels using difterent frequencies for each 
mmection Of transmission. A filter separated the channel 
transmit and receive signals, and no hybrid was needed. 
Mrlemteenniaque of using different frequencies for each di- 
rection of transmission 1S Known aS an equivaicnt fcur-wire 
eycuem. Both types A and B used amplitude modulation with 
Peet otsiiiveine SooC and B transmitting SSB with carrier. 
iepurally. when the type C system was developed about 1925, 
MmEMicenpordted the best of types A and B; that is, three 
GWannels with different frequencies for each direction using 
Soo C4 

Timesesecarly systems utilizéd the frequency band from 10 
Eomoaveknz wrth telegraphy being allocated the band below 10 
Khz. Higher frequencies were not used because of crosstalk, 
higher attenuation, and problems associated with open-wire 
iiiescewe uch research was conducted to completely mercies 
pimecmadlyee line Characteristics. Cable pairs were found to 


have more attenuation per unit length than open-wire pairs, 
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but open-wire pairs were found to be more prone to change 
with temperature, humidity and especially icing. Attenua- 
tion was proportional to frequency. Also, wire size and 
spacing affected the results. In general, at multiplex 
frequencies open-wire ele Sp ca tye considered to have an im- 
pedance of 600 ohms; however, for non-loaded toll cable 
this value drops to approximately 150 ohms. . bmese ditter - 
ences had a great affect on design requirements of early 
multiplex systems. In general, systems were designed for 
either open-wire or cable pairs but not both. By 1928 the 
type C developed into a transcontinental system along with 
other more limited systems. 

The Bell System's type J was the first multiplex system 
to make use of new types of components. Aione ween ssabet- 
dardization it also became more economical. Its 12 channels 
were designed for open-wire lines ancanad lines frequencies 
from 36-140 Khz using 36-84 Khz in one direction and 92-140 
Khz in the other. Combining the 12 channels of the type J, 
three from the type C, and one voice frequency circuit Gouula 
provide 16 telephone channels on a single pair of wires. 
Type K, another 12 channel system, was put into Serylecssm 
1938 on a transcontinental cable system. Type K used the 
frequency band from 12-60 Khz for transmission in Dot hea 
rections. This was done using a different pair of wires 
for each direction, establishing 2 physical four-wire sys- 
tem. It also introduced a new technique known as group 


modulaticn which resulted in lower line frequ neies. In 


eZ 








Poamemebor Systems multiplex line frequencies were accomplished 
by a single direct modulation step whereas group modulation 
Mees two Or more steps of modulation to establish line fre- 
quencies. Group modulation provided an easy way for inter- 
connecting standard subgroups. It was later used in the 
ie M system. 

Pome sOmamicaiet lathe —2)channel J opem-=wane and 12 
Siannelek cablessystems provided the needed economy and cir- 
miferecapacity om long and medium distance routes. They es- 
tablished multiplexing as the method for delivering toll 
eipemles Over long distances. Following the war, demand 
Hemeeenort, medium and long distance telephone circuits 
€emceinmually increased. However, with a desperate shortage 
SiemacerialsS, particularly copper, and witht labor and ma- 
Tw wmeost se mmlercasing, multiplex circuits for economical, 
short-haul use were needed. Such systems would, of neces- 
wiwelavewmempe Simply iamstalled, operated, and maintained 
Mmliwenron COMpeIng Competitive with voice frequency cir- 
iat . 

The Bell System produced the type N with 12 channels 
over two cable pairs and the type O with four, four-channel 
CHoOlpsmewer san Open-wire. Lenkurt Electric developed its 
m Pomona this time, providing stackability. That is, 
iieiatalechanmels Could be added as needed vice multi- 
plier ali channels at once. 

The year 1952 brought forth Tag hexta May Orde Ve Fopment 


with Lenkurt's type 45A system. This 12 chant ol system for 


IS 





open-wire lines utilized miniaturization of solid state 
components and modular plug-in concepts in telephone multi- 
plexing. The Bell System's type N3 and Lenkurt's type 468 
fecutwea ot today’s modern solid state frequency division 
multiplex systems, providing up to 24 channels with line 
frequencies varying from 36 to 264 Khz over standard types 
of toll cable. The line frequencies are different for each 
direction of transmission. These transistorized systems 
provide economical service for intertoll and toll-connecting 
trunks and other medium and short-haul applications. 
Short-haul applications led multiplexing to its use in 
exchange trunks and subscriber loops. Such short-haul sys- 
tems proved particularly suitable for rural and sparsely 


e 
Po ane © 


populated areas where cne couid provide adequate 


Nn 
a) 


to as many as 50 users. The Bell System developed the type 
Tl to compete with the cost of loaded cable pairs i Sicceron 
exchange trunks shorter than 10 miles. It is a time-division 
multiplex system which utilizes pulse-code modulation to 
provide 24 channels over an exchange Munk cable. 

Following World War II, the Bell system developed wide- 
band transmission using coaxial cable and microwave radio. 
The bandwidth of open-wire and multi-pair cable limits ene ia; 
eapecity to about 16 channels for open-wire lines and 24 
channels for multi-pair cable whereas coaxial cable and 
microwave radio operate with much wider Benantentcn 

About 1948 the Bell System completed its first trans- 


continental coaxial cable transmission facility. Designated 
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mypeewlly 1 Was Capable of handling 600 single-sideband 
Suppressed Cdrriér frequency division multiplex telephone 
eaandels Or One television channel. The L3 followed the 
Diewith a Capacity of 1860 telephone channels or one teéle- 
fecten channel and 600 telephone channels. The type L4 
Soaxtal Cable system had a capacity of about 32,000 multi- 
Piexmectlcpnone channels or a corresponding telévision-tele- 
Beene Channel trade off. The type TD-2 or 3 and type TH 
are two long-haul microwave radio relay systems. Type TD-2 
operates in the 4000 Mhz common-carrier band and is capable 
of handling 12,000 channels. The TH system is in the 6000 
Maz band with a capacity in excess of 11,000 channels [1]. 
The telephone industry has progressed at a consider- 
Bowesrate Since Bell invented the telephone in i875, and 
muleaplexings has helped solve some of the problems of in- 
miecdsedscapadcity with minimum increase in equipment. In 
the future are higher capacity systems that will use laser 
Beams Carrying multiplexed signals. In addition to high 
wSecemey systems, multiplexing techniques are being used to 
solve communications problems in industry and small busi- 
nesses to provide private microwave links between plants 
and offices. In addition Ronear aiane Vobe 6 sGOmmluniteaeloms . 
many modern communications systems carry both high and low 


speed digital signals. 
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Peleeotole SPECIFICATIONS AND DESIGN CONSIDERATIONS 


A. Seer IGA RONS 


Method of Transmission Single-sideband with re- 
INSET Led Car Tie 


Gmanne lecapacity em Ciannetes 
Input Impedance VF 600 ohms balanced 
HF 600 ohms 
Output Impedance VF 600 ohms 
HF 600 ohms 
PRequenciles Vi Oe to ete ez 
HE 4-24 hz 
Power Supply -24 volts DC 
Kevels 
lest Lome ir dnsmit -16dBm 
ReGeive + 7dBm adjustable 
Poel ne (per channel) 
Transmit -29aBm 
heGe lye = ps lOleyin 


Signalling MEGOMDLISied Dy weart Let: 
- Mite Tp eon 


Syavenronization 


Environmental Conditions lea 50> C: 


B. DESIGN CONSIDERATIONS 

ine primary Consideration an the design of this multi- 
plex system was cost. In order to make it competitive with 
existing systems, low cost was clearly a necessity. Much 
CLEOnrerwas expended toward this goal. For instance, expen- 
Sive wideband transformers were avoided in the circuitry, 
Puimuncesineole most important factor in the economic feasi- 
bility of this system was the availability of low cost me- 


Sieimedi tilters. Ihe total price of parts was kept below 
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$100 with approximately $25 additional to be used for labor. 
Plant overhead and other expenses would determine the retail 
price above this figure. 

Traditionally, mechanical filters have been expensive 
by not lending themselves to mass production. The mechani- 
Gave tilter used in this system cost $27 each in small quan- 
tities. It was a standard item used in this system for 
sideband selection, and the system was designed essentially 
around it. Crystal frequencies were assigned to fall on 
ieoeskirts. A similar mechanical filter was available from 
a Japanese manufacturer for less than half the price of the 
eiemised in this design. This makes the mechanical filter 
Soper ve With a Lenkurt crystal filter costing the Len- 
Kurt Company $1Z as quoted by a company representative in 
a seminar at the U. S. Naval Postgraduate School in the 
apr Of. 1971. 

Megovisilon was made with each channel's carrier oscil- 
Maeermeo Omit 1t from all but oné Channel per shelf in order 
for one Channel to fulfill the carrier frequency require- 
Memecmon alk the channels on that shelf. To extend this to 
other shelves in a rack would so complicate shelf wiring as 
fomicikemiteimpractical, Isolation 1S provided between any 
Mivemmoscillator and its users through the use of emitter 
followers. 

pmeconplete (duplex) sehannell consists of two eeunke 
Demidomcontaining the transmit ana receive functions. If 


the user desires only a simplex (either transmit or receive) 
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channel, only one circuit board would be needed. For each 
duplex channel there is only one Cianme Lwandseme Canrler 
oscillator. On each circuit board provision is made for 
both channel and carrier oscillators. For a duplex chan- 
m-wesone channel and carrier oscillator would be packed 
with components, but the provision was made for them on 
both printed circuit boards for the case of the simplex 
channel. This would alleviate further board layout when a 
simplex channel was specified. 

The components used in signalling andes vilen romUzae lon 
can be removed from the circuit boards when they are not — 
specified. The user can have either synchronization or 
signalling without being committed to the other. The car- 


1 


rier pick-off filter, used in both 


nd Ss 


tht 


VCs Onl aac 


Q) 


fesbline. contains a crystal for high selectivity and narrow 
bandwidth, making it a considerable part of the cost in both 
synchronization and signalling. Because of this, -theme 
would very likely be few applications where Only ene wo 
these functions would be specified without the other. 

Major components of the synchronization include a com- 
mon, low cost 455 khz IF transformer and an integrated cir- 
Go eeoperational amplifier. A prime consideration was the 
availability of inexpensive varicaps. Without synchroniza- 
tion a crystal oven might be required, making the cost al- 
most as much as synchronization with reduced performance. 

The signalling circuitry also uses ENemcAac Lee jake oatene ye 


filter, but beyond that, the only major compo ent 1s one pee las aire 
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Pee@iuse tie Cost Of Slgenalling 1S not a major factor, it 
would generally be specified by the user. 

hiemecclccrime COMpOonents, one inexpensive transistor 
was chosen to be used throughout the design, making assembly 
meigbete Glrcults were désigsned to be relatively insensi- 
Maen tO Lransistor parameters. It was possible to avoid 
pedeoand transformers to help decrease the cost of the bal- 
Miecemmodulators. Integrated circuits were rejected be- 
Cause certain customers (perhaps foreign) would not be able 


momreplace them easily. 


ILS 





emo aeoky OMeOPERATION 


AS GENERAL 

iiemindiyraual channels Ccomsist of four principal 
Taeecomm  lncy ane the transmicy receive, Synchronization, 
and signalling functions. A block diagram is shown in Fig- 
re l. the transmitter accepts the signal, processes it by 
moemimg a Single-sideband signal translated up to the chan- 
Tmmenediency, and places if on a baseband, The receiver 
Mmouemeves the Sional for the user. Signalling allows dial- 
iagmmeses to be transmitted and received. Synchronization 
keeps input and output frequencies in phase-lock. This is 
imponmant for fowe transmission as used by some processing 
Mig iett1eSeasbOtn transmit and receive functicns nave input 


pm@woutput impedances of 600 ohms for impedance matching. 


B. TRANSMIT 

An amplit@er feeds the input signal (voice or data) to 
asbalancea modulator where a double sideband signal is pro- 
duced (see Appendix A). A mechanical filter with center 
frequency 455 Khz (see Appendix C) passes the upper sideband 
while rejecting the lower sideband and any residual carrier. 
The signal enters a second balanced modulator with some of 
the carrier frequency which has been injected. Mixing with 
the channel frequency, the desired output of the balanced 
modulator is the difference frequency. A balanced modulator 
is used to suppress the channel frequency to keep it ata 


low level on the baseband. The signal, which is now in a 


20 





-weasetq yootTq warysds ‘T eyaliayye) 1he| 












= YOLOTLIG ee 
_aSvHd ES 
YOLIALAC be YALTIA 
FONT TIVNO IS | UaTUUV PES mi ae 











% 


@ 
9 
3 - 











Crete I Iie 
SSVd MOT 


ALTid com a 
INVHOGN : 









Bnd 


WLI ARES De eS 


AdM TWNOIS : 








SRT EIN PS 







SE ECE TATE 8 TEE ——————— i 
YOLVTTINSO FNOTLOACNT feed YOLVTTIOSO 
TANNVHO YaALMUVO_ UALSVN 

















) YOLVANATLLV Mee 1a , IV) Is 1 CON Bite 
: SSVd MOT -INVHOANE WWaevdee UAV 
wgP9T- 





WEP 6 - 


tall 





unique position in the frequency domain determined by the 
channel oscillator frequency, passes through a low-pass 
filter which rejects frequencies greater Phone tee Mimphiels t 
channel frequency. The signal is then placed on the base- 
band with the proper level and impedance. 

As an example, a voice signal in tne fiystepalanced 
modulator of the transmitter would mix Wal tell t Mite merceentg OTe 
frequency of 453.35 Khz (see Appendix B) to produce (453.35 
Pmeop)y, (453.35 - LSB)Khz and harmonics. The mechanical 
filter passes the upper sideband. The 453.35 Khz frequency 
itself has been suppressed in the balanced modulator and 
further suppressed by the mechanical filter. The 453.355 
Khz carrier frequency is injected in a controlled amount 


following the mechanical filter. The combined signal enters 


4) 


a second balanced modulator where it mixes with the channel 
one frequency of 461.55 Khz in this case. The desired out- 


puts are the difference EmeducmetcS 5.01 . 


Gla 55 2a 4 Sooo) = S Khz.- USBe 


These steps are shown in Figure 2. The other channels occur 
every 4 Khz up to the highest (30th channel) where thes tre 
quencies are (124.35 - WSR wae loetenec actual ence lube, he 
only difference between channels is the channel oscillator 
Cavcual so that Benne tecelcce: tomers ace tormined solely by 


eryoual selection. 
Ce Facies VE 

iamplicver feeds a balanced modulator ere a ehianne lt 
frequency is mixed all the incoming signals. The desired 
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Transmit frequency translation operations; a. In- 
Dut Siena De OUEDIteot balanced modulator (USB 
somal) eee. OlULpuUEot Mechanical filter, d. Signal 
Wie ete athe CdmertmimMetmmcees1 Ondal in channel posi- 
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MiVMu@ercetie dirterence frequency which would be the car- 
Mirmearecaichney smalls thie Ws. The carrier frequency is de- 
PIoarseumancdsanpliried by the carrier pick-off filter, and 
Micmucbers passed through the mechanical filter, rejecting 
PfemG@airrier trequency and other unwanted signals. The USB 
mixes with the carrier frequency to produce the original 
Pocdeiimited signal. A low-pass filter rejects out of band 
mecaguencies, the Signal 1s amplified with gain control, and 
ite 1S then delmaye ped tome lisc 1. 

Soneinuine the example of the first channel, the first 
emommel! (8 Khz - USB), in addition to other signals on the 
mearenonG. mixes with 461555 Khz to produce (453.35 + USB) 
iiveeplus Other unwanted signals. The carrier pick-off fil- 
Beneaetects the carrier, and the USB ads passed through “the 
nee@namacal filter. In the mixer the USB mixes with the car- 
mech eto reproduce the original signal. These steps are il- 


Mistmated in Figure 3. 


De SYNCHRONIZATION 

Sieh roMmMzat1on 2s waenequlywenenue for coherent digital 
Epansmissions and for tone telemetry. The received signal 
frequencies must be the same as those transmitted. Without 
Mmemeaneoater care would be needed to ansure close tolerances 
Mueomenystals Such as Grystal ovens £Or voice Communica- 
Gilonamand nen-coherent digital transmissions. The difference 
between transmitted and received audio frequencies should be 
Reemeiane2 hertz. but more could be toleratel for voice 


aeanicmissions. Synchronization is accomplished with the aid 
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Mine eiiiectea Carrier, it 1s reconstructed from the base- 
bana signal an the balanced modulator. The carrier pick-off 
emiecon amplifies the reconstructed carrier, rejects unwanted 
PeedMtemeales, and teeds the carrier to a phase detector where 
Mittereceiver Carrier frequency is also inputted. The dif- 
ference frequency between the reconstructed and receiver 
Seaprier frequency is amplified by an operational amplifier 
Titers directly coupled to a voltage-controlled channel 
meemllator. Since the reconstructed carrier 1S a product 
@eetne input signal and the channel oscillator, a change in 
@memetanne!l oscillator frequency will change the reconstruct- 
wamearrier frequency. The output of the phase detector will 
Mramee ntl! 1¢ drives the difference between the two car- 
f‘flegmrrequencies (reconstructed and receiver) to zéro. Whon 
Micmamitecrence 1S Zero, the output of the phase det®ctor will 
Pemameonstant and the VCO frequency will not change. This 


Pome tcetively a phase-locked loop. 


see SIGNALLING 

Vieimmenecwclrelit ts seized by the user, a -48 volt sup= 
meerseenabled. This supply permits the carrier to be in- 
Femecde ito the Circuit. Signalling is accomplished by 
ma wept ine the Carrier.  On’the receiving end the carrier 
Siibeerecdeby the Carrier pick-ort filter is used to operate 
meee ine bandwaideh Of tie £ilter 1s wide enough to per- 


(ieeotainadarddial pulses at !0sto 12 pulses per second. 





V. DESIGN 


Ns TRANSMIT 

The voice frequencies enter the transmitter input either 
paraneed Or unbalanced matched to a 600 ohm impedance. (See 
memre 7.) An emitter follower is used for isolation between 
the balanced modulator and input. Capacitor C, is used as an 
RF ground into the balanced modulator which is a series-fed 
mere modulator. The carrier is inputted into the balanced 
modulator through a potentiometer for balance so that it may 
enter the mechanical filter exactly out of phase and be sup- 
Peeesca. A variable capacitor is used for reactive balance. 
imme Dabanced modulator opposite diodes conduct on alter- 
Mmeeetoomali cycles at the Carrier frequency, fhe C@¥rier 1s 
modulated by the input signal producing sidebands due to the 
HGMilenmear mature Of the diodes. Ihe carrier 1S Suppressed 
Gemeinde input of the mechanical filter, but the sidebands pro 
aumeedein the balanced modulator combine in a push-pull manner 
Memo inoaut to the mechanical filter to double their ampli- 
tude. (See Appendix A.) 

Micmimputsand OULDPUL GCapacitors of the mechanical fil- 
Pomecrerused fOr impedance matching to properly tune the 
neoemanrecabl filter. It was fortunate the mechanical filter 
used could accommodate the balanced input. Otherwise, a 
PEdichornrmer Or differential amplifier would have been re- 
anced tO LUrnish the necessary phase relationships. A 


Mecaurdeal sot effort was fiade to avoid using ransformers 


Wherevenm possible because of their relatively high cost. 
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Following the mechanical filter is an amplifier to 
drive the second balanced modulator and a direct coupled 
emitter follower to provide isolation and a low impedance 
input to the balanced modulator. A controlled amount of 
carrier is injected at the base of the emitter follower. 
The USB which has been passed by the mechanical filter and 
meemimiected Carrier are the inputs to the second balanced 
modulator. While similar to the first balanced modulator, 
there are a few differences from the first balanced modu- 
lator. A channel frequency is inputted instead of the car- 
mlemeareduency in order to place the Channel in rts position 
in the frequency domain. To avoid a wide-band transformer 
qa differential amplifier is used to provide the necessary 


he Sa 
BU ee, 
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phase relationships for channel frequency Swipe ess LOM, 
was felt necessary to lessen output filter requirements. 
Following_the differential amplifier is a low-pass Pelee © EO 
suppress frequencies greater than Lehn. | Dae Output IM- 
pedance of the last stage is 600 ohms. A 28 dB Attenuator 
follows to provide the necessary -29dBm output required. If 
desired, a potentiometer could be added to the last stage's 
emitter for use as an output gain control. 

The oscillators used are Clapp crystal oscillators for 
high frequency stability. (See Figure 9 Webra Czy en 
moniearesused to tune the crystal to the correct frequency. 
Emitter followers isolate the oscillators from other Cire 
€uits. The basic configuration of the oscillators is shown 
iMmenencaryrer oscillator. The Gmeainel) oscillator 1s a vol- 


tage-controlled crystal oscillator (VCXO) using a variable 
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capacitance diode. DC voltage through the varicap ILS) SUS 
lated from the biasing network of the oscillator transistor 
by the crystal and a blocking capacitor. The DC voltage 
across the varicap used to warp the crystal is controlled 


by the synchronization SAL eSU Gis s 


IB. RECELY E 

The baseband signals enter the receiver matched to a 
600 ohm impedance. They are amplified by a two transistor 
feedback amplifier. (See Figure 8.) This amplifier feeds 
the baseband to the balanced modulator with a low impedance. 
The balanced modulator is similar to the first balanced 
modulator in the transmitter except that the channel tre- 
quency is injected heave. JERS cunteeteecl Ceremiicre Ghat Meu USB 
are reproduced. One side of the balanced modulator Lab exe| 
to feed the reconstructed carrier to (ies Carrier f£1lten. 
Output balancing of the mechanical filter is accomplished 
with a potentiometer and a variable capacitor as before. 
The USB passed through the Rocio ecaletilter 15 amplified 
and mixed with the carrier frequency to recover the original 
band-limited signal. The emitter-base junction is used as 
the nonlinear element for mixing. A low-pass filter follows 
to attenuate frequencies greater than 4 Khz. The audio sig- 
nal then enters the three stage amplifier. It has gain COon- 


trol and an output impedance of 600 ohm for impedance matching. 


ox SYNCHRONIZATION 
The recovered carrier from the first balanced modulator 


Pome qthe carrier filter. A unity gain amplifier Shieies 
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the phase of the signal 180°, and the signal and the in- 
verted signal are fed to point A on Figure 10. For most 
frequencies the impedance path is high through both paths 
and cancellation occurs when the two signals are added out 
of phase. At the carrier frequency, hewevet mene ery>cal 
offers a low impedance and an imbalance 1c ercatedeats point 
A. Since the crystal Q is very high, the bandwidth of the 
filter is just wide enough (when properly balanced) to pass 
Ene carrier and signalling pulses. Ponte ero eic #1 pit FO 
the three stage amplifier where the carrier is amplified 
with adjustable gain. The output of the carrier pick-off 
filter is applied to the phase detector. See Figure 9. 

The carrier from the master oscillator cmt erotic 1 
input to the phase detector. Tt uses a low cost 455 Knhz 
center-tapped IF transformer to split the phase of the car- 
miereoscidilator frequency. With the reconstructed carrier 
pmcGcanrier Oscillator frequencies in phase, the olltepwuteson 
the phase detector 1s a constant. If the two frequencies 
are slightly different, the difference frequency appears at 
the input to the integrated circuit. The Ghee re remce =e 
quencies should be small, and the time constant Ope thce place 
detector is comparatively one acwaeene stl t.. 

The output of the phase detector is directly coupled 
to a CA 3015A operational amplifier. Potentiometer ny eae 
trols the necessary offset voltage on the operational ampli- 
fier for maximum voltage swing. The CA 3015A (see Appendix 


D) is biased for Swperatton tromea Single Supr Y and has a 
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Piineducnhcy  cutoOLt to prevent oscillations due to its 
nee Pain configuration. 

i up Memormene Op-anpiismdincet ly coupled to thie 
foeeease- controlled channel oscillator. The op-amp's output 
Mmaoweaes a reverse bias on the variable capacitance diode 
Momvary the diode’s capacitance and hence the frequency of 
Paerleation. The varicap used was a silicon Motorola MV837. 
T@ has a nominal capacitance of 56 pico-farads with four 
wees reverse Dias and tuning ratio compared with 25 volts 
mame e2 typically. As the control voltage increases, the 
megaecrtance Of the varicap decreases to vary the frequency 
Semosetllation. AS the frequency of the channel oscillator 
@ramgesc. the reconstructed carrier changes, and the output 
eeeeme phase detector also changes. tIhe reconstructed car- 
micr will! be changed by the channel oscillator till the out- 
Puewon the phase detector is a constant. This occurs when 
mitemerecolstructed Carrier and the signal from the carrier 
eiuibator are in phase. When this occurs the output fre- 
quencies of the receiver will be exactly the same as those 


mransmitted. 


De SIGNALLING 

Mitenet Ne CircUityis scizedspy the user, a -48 volts DC 
fomapmlred tO point B on Figure 7. This places the base of 
Miem-amenalling transistor at -24 volts to turn the transis- 
tor off and make point C a high impedance. This allows the 
eeyewton to be injected into the transmitter ci-scuitry. When 


the -48 volts is interrupted for signalling pulses, the base 
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Oeeyune Signalling transistor goes positive with respect to 
the emitter and the transistor saturates. This makes point 
Gea low impedance and prevents the carrier from being in- 
weerea. Injection level is provided through potentiometer 
PwaeceSe switch 1s provided to manually interrupt the 
@arrier. 

Mimeecmreocelver the Carrier 1S detected from the out - 
put of the carrier filter (see Figure 10). The carrier is 
amplitude detected which turns on transistor Oe Vile eo) - 
Hector current operates a relay. With the carrier absent, 
Mmemtiransistor 1S off and no current flows through the re- 


HEAY. 
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VI. RESULTS AND CONCLUSIONS 


A single complete channel was built and tested in the 
iiporatory. With available crystals it was possible to 
test the highest channel and the two lowest Emenee, Wouils 
binations cf these were used to test crosstalk between ad- 
jacent channels and between the high and low channels. 

Distortion measurements were made using the Hewlett 
Eacicard HP 331A Distortion Analyzer and the Hewlett Packard 
HP302A Wave Analyzer. The highest channel had 1.5% total 
harmonic distortion and the low channel had 1.45% total 
Meeienic distortion with a 700 Hz test tone. Distortion 
was constant with frequency across the passband. The second 
Meeenic was 37 dB below the fundamental and the third hae 
monic was down greater than 65 dB for both channels. 

Crosstalk between the first and last channels was 
greater than 42 dB below in-band signals. Crosstalk between 
the first and second channels was only 38 dB below in-band 
signals. These values of crosstalk were due principally to 
high frequency leak between the Paamsmliben and recel vel 
More effective RF shielding and additional fi ce wie slneenie 
transmitter could be used Me reduce this to 50 dB below in- 
band signals. 

Tuning a channel merely involved tuning the crystals 
till the system locked in phase. It was Boscaplesronobtaim 
a lock range of 33 cycles with one set Of “Gryetalseand i 


cycles with another set. This indicates Piaimemoper se hect ian 
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of crystals can insure a larger lock range. A lock range 
Sim oowGyCles Was ObLained when two oscillators were phase- 
ioeked. With crystals having a tolerance of .002%3, a worst 
Sisemwould indicate a frequency difference between the input 
Mianoutput frequencies of approximately 40 Hz. The crystal 
feeiilators could be retuned to obtain phase-lock in such 
ease . 

iieeproposcd system 15s believed to be both competitive 
im cost and performance with other systems. It takes up 
Peele rack space. Repair is facilitated through the use 
eeemlie in boards, and channels can be added easily as 


needed. 
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APPENDIX A: PRODUCTION OF DOUBLE SIDEBAND 


Pyeseakine ane RE Carrier, Woy and a modulating signal, 
Wes and applying them to a nonlinear device such as a diode, 


eilewcan get as the input to two diodes: 


ey Eesiimetor & Sani. t 
C G S S 


eC, E.sinwt - E,sinw.t. 


Pamce diodes are nonlinear devices, their current can be 


represented by a power series: 


EMOcueltutine €, and €5, one gets: 


i 

tee ees te Ge ea Sima ee a,Eisin*w t 
+ 2a,E E.sinw tsinw.t + a,besin*w.t 

igg = a,E.sinu.t - a,E.sinw.t + a,Etsin*w.t 
Seca 


< . A 1 ae ay 
oE EF sinw tsinw.t a,Eosin wot 


iitmasoalbanced modulator the output yoltage, Ey» 1S pO One = 


tional to the difference between these two currents, or: 


Paola bose tet ode eee sth CSanw. t. 
0 ls S PGs C Ss 


iiemnomices that the carraer frequency term has cancelled out. 
Mimecmeguation Can be expanded by trigonometric identity giv- 


ILL er? 


bigs 





Eyaza,E.sinw.t 1: 2a,E E.cos(w.-w jt 
- Za,E Ecos(w tw. )t. 


iiiis tinal Equation contains the original signal, a band of 
Meoncnuesaiae trequencies called a sideband, and an upper side- 
band. To produce single sideband one of the sidebands is 
momeeecd and everything else 1s rejected. In this system 


Miiemupper Sideband is selected using a mechanical filter. 
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APPENDIX B: DETERMINATION OF SYSTEM FREQUENCIES 
© 
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aire 4. .Prequency response of mechanical filter. 


In this multiplex system it was desired to utilize the 
mechanical filter for sideband selection. From the mechani- 
Sweeter specifications, the system crystal frequencies 
Pemgemenosem Which used the filter's characteristics to best 
advantage-and which placed the channels in their proper po- 
Sitions in the frequency domain. 

The frequency response of the mechanical filter is 
Pietumed in Figure 4 from i1tS Specifications. Vertical 
Pines indicate the 6 dB and 20 dB bandwidths. 

Wiewcarricr 15 Suppressed by tae balanced modulator (up 
Pomowman |) and then further rejected by the mechanical filter. 
P——iomeonmon practice to place the carrier frequency at the 
iminespGint On the filter's Characteristic. From the draw- 
Micmmieiaotire 4, this amounts to 1.05 Khz below the center 
Mmaemmemey Of 455 Khz to pass the upper sideband. This fre- 


miltemien es 455.55 Khz and 1s the crystal carrier frequency. 


oY 





For the channel crystals frequency placement must be 
such that the channels will be placed in their proper po- 
sition in the frequency domain. The first channel was 
chosen to be 8 Khz - USB. For the nth channel the frequency 
was (4N+4) Khz - USB. Since there were 30 channels planned, 
the 30 channel was: ((30)+(4)+4) Khz - USB = 124 Khz - Str. 

To obtain the channel crystal frequency the channel fre- 
quency was added to the carrier frequency, which, for the Nth 
channel mounted to 457.35 + 4N Khz. The process of fre- 
quency translation to accomplish the frequency division mul ea 


plexing is shown in Figure 2 AanGieb i oURe mS. 
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APPENDIX C: SPECIFICATIONS OF THE MECHANICAL FILTER 


BACKGROUND: 

Mechanical filters, like crystal and L-C filters, are 
used in a large number of applications such as sideband se- 
lectors because of their excellent selectivity, which, 
m@imrowen proper design, 1s retained under widely varying en- 
miiceimental conditions. Their excellent selectivity depends 
largely on the high Q of mechanical resonators. Their Q is 
on the order of 10,000 or 50 to 100 times the Q Coe eS O- 
nators. The high Q permits choice of higher center frequencies 
for mechanical filters having the same bandwidth and Shape fac 
for as an L-C filter. Mechanical filters have been designed 
with center frequencies as high as Mhz and as low as 69 Khz. 
Their design is not limited by this range, but they are most 
Preaectical Wathin it. 

Mechanical filters, like crystal filters, employ reso- 
nant mechanical vibration to obtain their Selectivity, Out 
eontrary to crystal filters which use electrical coupling, 
mechanical filters use mechanical couplers to ieanS Pewee vel - 
brations between resonators. To provide coupling between 
the mechanical elements and the electric Sure iut per als 
fncersmace located at each end of the filter structure. Of 
the many possible configurations inmneicmanical Lilters , 
three types are most common. One has flat rectangular plates 
that are connected by fine wires in a type of ladder struc- 


ture. Another uses a cylindrical rod with al ernate necks 


ae 





and slugs which may be utilized in either the longitudinal 
or torsional mode of vibration. The third type of mechani- 
cal filter employs flat disks coupled by Gonmectimg Wires. 

The selectivity or shape factor of the mechanical dfealiltee 
ter determines the number of resonators. Fewer disks re- 
sult in a wider fractional bandwidth for a given shape 16 UC Oe 
Response variation across the passband is a function of many 
variables such as variations in disk tuning, coupling, term- 
inating impedance, and resonating element Q. The passband 
ripple increases with the number of disks in addition to 
mllso being a function of the type Ctetramsdulecn: san ine elec - 
trical transducer causes the principal loss in the EERwer 
since very little loss occurs in the moc mantels 7s Gen De = 
cause of high resonator Q's. 


SPECIFICATIONS OF TYPE F455FA-27 COLLINS MECHANICAL FILTER 


—_ 


Genter Lrequency ES Ski Z Nom. 
Bandwidth @ 3 dB LIS I) 02 Min. 
Bandwidth @ 6 dB Lae een sane 
Bandwidth @60 dB Oe. EKAZ Max. 
RV 5 elds: Max. 
Source Impedance 

parallel resonance 50 k ohms Min. . 

series resonance Sxeel = coyouints: Max. 
Load Impedance 

panicle resonance 50 k ohms Min. 

series resonance 500 ohms Max. 
Resonating capacity 

apa Uli ote 20 pi. 

CU EpUE eet 20 px - 
Signal input level 5.0 V RMS Max. 
pexweurnrrent zZ.0 ma. Max. 
Deevoltage HOO VY DC Max. 


To obtain full advantage of the mechanical filter's se- 
lectivity, a common ground connection and effective shielding 


between input and output are needed. 
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OUTPUT —q 


Picinemomeauanenstons on the —PA55FA-27 . 
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Reb ENO SPECIFICATIONS OF 


Ooenmeoop wvoltare gain 
CoOmmem-moace reéj;EClion ratio 
Input impedance 

iimut Ortset voltage 

ineut “offset seurrent 
ipoueeias current 

SGdmme DOWEr Grain at + 12 V. 
Operatane temperature range 


Max. signal voltage 
Max. device dissipation © 
R2 Ri2 
ng gt |o7 § 


Qi O2 


INVERTING 
INPUT 


NON- 
INVERTING 
INPUT 


THE REAR CASOLSA 


SO dB 

103 dB 

10 k ohms 

1 mv. 

OS eua. 

Aral. 

HVE Sige 

a) Caos 7 5G 
=O omer) V 

600 Mw. 


Ton 


Q8 





All resistance values in ohms unless otherwise specified. 


Pauhce Mey. 
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bares List Lor 


R14 
Ris 
R16 
Rey, 
R18 
R19 
R20 
Rae 
R22 
rege 
R24 
R29 
R26 


PL resistors 


All Capacitors microfarads except 


Rly 620 

Ro) 47k 

Ro 36k 

R4 680 

RS 270 

Row LOO poet. 
Ry 270 

R8 47 &k 

Ro, 4.7 Kk 
Fang 2 7 ik 
Pal 270 

Raz 100 

Rs 3.'6 

ci «47 

2. .47 

fs .01 

C4 27pf. 

Wer, 5-350 pF. 
fom 270° pei. 
ere 270 pt. 
eon, 1 S50) pa. 
eo 201 

Tl Microtran MT1FB 
Ors) 2N5 17 2 
De 51 N126 


GANG, 
GaGa 
CaeZ 
Gi: 
C14 
Gals 
Clo 
Cie, 
Gakie 


Meenantlealerilter F455FA-27 
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Pou teu 


10 
10 
10 
10 
10 
i 
200 
L 
100 
100 
iz 
680 
100 


Me) 
Oo 
ct 


an NAA A AANA 


R27 
R28 
ne 
R30 
RSL 
R32 
R33 
R34 
KS5 
R36 
R37 
R38 
R39 


6.8k 

6.8k 
270 
270 
100 

1 
100 

Dare 
620 
620 
sho) 
on 
5) LE 


AAA 


59% and ohms except as noted 


10 

ny 

ae 

Da pk. 
225) ee 
vil 

ml 

ow 

JONG = jane. 


Gls, 
G20 
ZA 
C22 


{a 2) 
7s) oh 


as noted 
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Eames. LIiSu@eenr Fiore 8 


Rl 680 RN al Wik R21 1.2k 

R2 20k Ri 270 R22 10 

R3. 5.6k R13. 47k Ws S00 ieee 
R4 220k R14. 4..7k R24 3.9k 

RS 4.7k R15 2.7k R25 22k 

R6 270 R16 =1k RZGmne ok 

R7 100 pot. CU ee On R27 620 

R8 270 R18  1.2k R28 100 

RQ 47k R19 100k R29 68 

Ba) 27k R20 47k 


All resistors 5% and ohms except as noted 


cle C7 .015 Gey T. 
ee .1 C8 02 iO 
Gor 1-25 pf. C9 al C15 02 
C4 =. 270 pé. ont ee Clee 16 
ess 270 pf. iil 

C6 130 pf. Gil? 


Pe UMMecapaeicOrSemlGrOearadds except as moted 


pit- Aw I NTZ6 
OW ome2 NG 17 2 
Mechanical Filter F455 FA-27 
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Patsmeist fom Figure 9% 


Rl 470k RQ  4.7k Rule eal ile 
R2 36k R10 100 R18 47k 
pie 1. 2k Pull ee R19 100k 
R4 47k R12 100 R20 47k 

RS 47k R13. 4.7k R21 4.7k 
R6 620 R14. 4.7k R22 620 

R7 30k R15 470K R23. 1 Meg. 
R8 10k pot. R16 36K R24 100 


All resistors 5%, and ohms except as noted 
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